Objectives-The amount of adipose tissue influences pubertal development and fertility in girls. A candidate for mediating this is the hormone leptin, derived from adipocytes. This work was carried out to determine whether the leptin concentration in serum is regulated during pubertal development. Subjects and methods-Serum concentrations of leptin were determined by radioimmunoassay in a sample of 252 healthy children representing all pubertal stages. Results-Serum leptin concentrations correlated directly with age (r = 0.53), body mass index (BMI) (r = 0.71), and weight for height SD score (r = 0.44) in girls and with BMI (r = 0.33) and weight for height SD score in boys (r = 0.36). Leptin concentrations increased with pubertal development in girls, resulting in significantly higher concentrations at pubertal stages 4 and 5 than at the prepubertal stage, whereas there was no change in the boys. Conclusions-Serum leptin concentrations increased during pubertal development in the girls, but remained constant in the boys. Whether the increase in serum leptin concentrations in girls is of importance for, or a consequence of, pubertal development is still to be determined.
The importance of the amount of adipose tissue as a determinant of pubertal development is well established. 1 2 A threshold level of body fat has been proposed to be required for both the initiation of puberty and the maintenance of fertility in women. 1 These observations suggest that there may be an interaction between adipose tissue and the hypothalamicpituitary-gonadal axis which ensures suYcient energy supplies during pregnancy and lactation. Leptin, a recently identified hormone derived from adipocytes which is encoded by the ob gene, 3 is an attractive candidate for mediating this eVect.
The administration of recombinant leptin to mice reduces their body weight by decreasing their appetite and increasing energy expenditure. [4] [5] [6] In addition to its role in the regulation of body weight, leptin appears to be of critical importance for normal function of the hypothalamic-pituitary-gonadal axis. Female ob/ob mice, which lack bioactive leptin due to a mutation in the coding region of the ob gene, remain prepubertal and are infertile. 7 Administration of recombinant leptin renders the female ob/ob mice fertile and continued leptin treatment is required to maintain fertility. 7 Reduction of serum leptin concentrations, induced by starvation, in mice with an intact ob gene also inhibited the pituitarygonadal axis, an eVect that was reversed by the administration of recombinant leptin. 8 Leptin also triggers maturation of the reproductive tract in prepubertal mice. 9 Thus it appears that leptin is required for both pubertal development and the maintenance of fertility in mice.
The role of leptin in human physiology is less well established. Some studies have shown that leptin is present in human serum and that its concentration correlates with the amount of body fat in adults and children. 10 11 Leptin has been proposed to aVect the regulation of pubertal development in humans. 12 To increase our understanding of the relation between adipose tissue and pubertal development in humans, we measured serum concentrations of leptin in a large number of samples from healthy boys and girls at all stages of puberty.
Subjects and methods

SUBJECTS
A total of 252 healthy children (168 boys, 203 samples; 84 girls, 113 samples) was 14 When adrenarche and gonadarche diVered, the pubertal stage was rated according to the development of gonadarche-that is, breast development in girls and testicular volume in boys. Height and weight were converted into SD scores using the Swedish growth reference values for healthy children. 15 The growth of the children has been followed up since birth and their heights ranged from −5.0 to +5.1 SD scores. Body composition was expressed as a weight for height SD score (range −3.3 to +5.5, with 22 children outside 2 SD score of the mean) and body mass index (BMI; kg/m 2 ) (range 12.7-27.7)-that is, the subjects were leaner than North American children. 16 17 
STUDY PROTOCOL
The relation between leptin and pubertal development was analysed in a retrospective study. To minimise the influence of the diurnal variation in serum leptin concentrations 18 all samples were obtained between 10 am and 2 pm.
Cross sectional study
Single samples were obtained from each child.
Longitudinal study A subgroup of 15 girls, with known dates for menarche, were followed up longitudinally with two to seven repeated observations for each girl.
Leptin radioimmunoassay
Serum leptin concentrations were determined in duplicate by radioimmunoassay (Human Leptin RIA Kit, Linco Research, St Charles, MO, USA). The lower limit of detection (sensitivity) was 0.2 µg/l as defined by Rodbard.
19 Table 1 gives the intra-assay and interassay precision. The assay was linear down to the detection limit, as tested by the serial dilution of patient samples (fig 1, lower panel) .
Sample storage
Because of the retrospective nature of the study, the eVects of freezing and thawing and sample storage conditions on the measured leptin concentrations were tested (fig 1, upper  panel) . Leptin concentrations were measured in two separate aliquots of seven diVerent group.bmj.com on June 20, 2017 -Published by http://adc.bmj.com/ Downloaded from samples, one of which had been kept at −70°C and the other stored at −20°C for several years. None of the −70°C samples had been thawed before analysis, whereas four of the −20°C samples had been thawed at least once during that time. In all instances the serum leptin concentrations were similar in the two aliquots, indicating that the use of samples that have been thawed or stored, or both, at −20°C is acceptable.
STATISTICAL ANALYSIS
The Mann-Whitney U test was used and a p value less than 0.05 was considered significant. When multiple comparisons were made the p value was adjusted with the number of comparisons to compensate for a mass significance eVect. To determine the relation between leptin and body composition, serum leptin concentrations were plotted against BMI (fig 3, upper panels) and weight for height SD score (fig 3, lower panels). There were significant correlations between serum leptin concentrations and the two measures of body composition in the two sexes, but the correlations were much stronger in the girls than in the boys.
SERUM LEPTIN CONCENTRATIONS IN RELATION
TO PUBERTAL STAGE Figure 4 shows serum leptin concentrations in boys and girls during puberty. In prepubertal children the serum leptin concentrations were in the same range in boys and girls (mean (SE) 3.5 (0.1) and 4.5 (0.4) µg/l, respectively), even if they diVered significantly (p <0.05). Girls and boys also diVered in terms of changes during puberty. In girls the serum leptin concentrations increased during puberty, resulting in concentrations at pubertal stages 4 and 5 that were significantly higher than the levels in prepubertal girls (p <0.001) and levels at stage 5 that significantly exceeded the levels of all other groups (p <0.001). In marked contrast, serum leptin concentrations did not change with pubertal development in the boys. The changes in serum leptin concentrations during pubertal development persisted when leptin was corrected for BMI.
In the girls, serum leptin concentrations were also expressed in relation to time from menarche ( fig 5) . Before menarche serum leptin concentrations were comparable with the prepubertal levels (mean (SE) 5.4 (0.5) and 4.5 (0.4) µg/l, respectively, NS), whereas there was a marked increase in serum leptin concentrations after menarche (13.7 (1.4) µg/l, p <0.0001 v levels before menarche).
Discussion
This study shows that serum leptin concentrations increase during pubertal development in girls, whereas they remain constant in boys. The diVerence in serum leptin concentrations between boys and girls reflects changes in body composition that occur during puberty. A marked gender diVerence exists with an increase in fat mass in girls during the later stages of puberty. 1 Previous studies have shown that serum leptin concentrations correlate with BMI. 10 21 We also found such a correlation in this study; however, the gender diVerence in serum leptin concentrations during pubertal development was still present when corrected for BMI. This supports results from previous studies showing that a gender diVerence in serum leptin concentrations remains after correction for body fat in adults and children. 11 22 It should be noted, however, that BMI may be a less precise indicator of body fat mass in growing children than in adults. The increase in body fat during adolescence in girls has been estimated to be approximately 120%. 1 Based on the reported relation between serum leptin concentrations and body fat mass in several studies, an increase in body fat of 120% would lead to an approximately twofold increase in serum leptin concentrations. 10 21 22 It is therefore possible that the increase in serum leptin concentrations during pubertal development in girls may reflect this increase in body fat.
The importance of body fat for menarche and for normal reproduction, pregnancy, and lactation is well recognised. 1 2 The link between adipose tissue and the reproductive system is unclear, however. The identification of the ob gene 3 and its adipocyte specific gene product, leptin, has provided a new clue to the mechanism by which the brain translates accumulated body fat into its regulation of the gonads. Recent experiments in mice have shown that leptin triggers the maturation of the reproductive tract and is required for the normal function of the reproductive system in females. [7] [8] [9] These studies indicated that leptin may exert its eVects directly or indirectly on neurons producing gonadotrophin releasing hormone (GnRH) in the hypothalamus. As changes in the secretion of GnRH are believed to be a primary event in the hormonal regulation of puberty, 24 we determined serum leptin concentrations in a large number of pubertal boys and girls. In the girls, serum leptin concentrations increased during pubertal development, with a two to threefold increase in serum leptin concentrations between pubertal stages 3 and 4-5. The magnitude of this change in serum leptin concentrations in pubertal girls is more dramatic than the change seen during pubertal development in female mice, where a 60% increase has been reported. 9 It should be noted, however, that significant diVerences may exist between rodents and humans with respect to leptin physiology-for example, there are known species diVerences in the diurnal pattern of serum leptin 18 25 and in the regulation of leptin by insulin. 25 26 An alternative interpretation of the results in the present study may be that the increase in serum leptin concentrations is a consequence of pubertal development rather than a cause.
In contrast with the increase in serum leptin concentrations during pubertal development observed in the girls, serum concentrations of leptin remained constant during pubertal development in the boys. Mantzoros et al also found that leptin concentrations are similar in prepubertal and pubertal boys. 27 In that study and in a preliminary report by Blum et al there was a transient increase in leptin concentrations just before the onset of puberty, 28 which was not detected in our subjects. It has been shown that leptin is of importance for reproductive function in male mice 29 and it is possible that a transient increase in serum leptin could be of importance for the initiation of puberty in boys.
Leptin is believed to act as an aVerent satiety signal to the central nervous system and the administration of recombinant leptin reduces body weight in animals. [3] [4] [5] [6] Obesity in children and adults results in increased serum concentrations of leptin and it has been suggested that these subjects are 'leptin resistant'. 10 The increase in serum leptin concentrations found in pubertal girls in this study and in a study of pubertal development in mice 9 suggests that a 'physiological leptin resistance', with respect to weight control, develops during puberty. An Years from menarche Serum leptin and pubertal developmentaltered set point of the leptin system may provide a mechanism by which suYcient energy supplies are maintained to support a pregnancy.
In summary, we found a distinct gender difference in the pattern of serum leptin concentrations, with an increase during pubertal development in girls while the levels remained constant in boys. The increase in serum leptin concentrations during pubertal development in girls suggests that leptin may be the previously hypothesised link between adipose tissue and puberty in humans and rodents. The physiology of leptin in this context is likely to be complex, however, to allow an increase in body fat and at the same time generate a putative signal triggering puberty in girls.
